INTRODUCTION
or o,p'-DDT (Lundholm and Bartonek, 1992) .
Commercial DDT consisted primarily of p,p'-DDT but also contained 22 to 25% o,p'-DDT (Meijer et al., 2001) . o,p'-DDT has much more potent agonistic activity to the estrogen receptor than does p,p'-DDT (Kojima et al., 2004) , and embryonic exposure to o,p'-DDT, like that to estrogens, causes abnormal development of the reproductive organs in birds. Several studies have observed ovary-like tissue in the testis of male chicks, and abnormal retention of the right oviduct, decreased length of the left oviduct and resultant reduced eggshell formation when females matured (Fry and Toone, 1981; Halldin et al., 2003; Holm et al., 2006; Kamata et al., 2009b) . o,p'-Dicofol, a minor component of the organochlorine insecticide dicofol with a similar structure to o,p'-DDT and a similar -tion (Kamata et al., 2010) . In addition, we reported that the abnormal oviduct of the females treated as embryos with estrogenic compounds exhibited decreased transcriptions of genes encoding calcium binding proteins, which indicated that calcium metabolism for eggshell formation was disrupted (Kamata et al., 2009a) . Thus, DDT-induced reproductive disorder in birds is now generally understood to be caused by the estrogenicity of o,p'-DDT. This compound is transferred from mother birds to eggs by egg organs during embryogenesis and early growth of chicks and the functions of the organs after maturation.
There has been no convincing evidence that p,p'-DDT directly affects the reproductive systems of birds although indirect effects may result from a shortage of prey. In addition, p,p'-DDE has been detected at very high concentrations even at the places where declines in the populations of wild animals are not currently observed (Yoshikane et al., 2006) . Therefore, to confirm or disprove the reproductive toxicity of these two compounds the present study was undertaken and involved injecting the compounds into Japanese quail (Coturnix japonica) eggs. In ovo treated chicks were raised until sexual maturity for observation of symptomatic and morphologic alterations, and the reproductive capability of female quails, as measured by egg production and eggshell formation, were analyzed. The results were compared with those obtained for o,p'-DDT and the synthetic estrogen diethylstilbestrol (DES) in our previous studies (Kamata et al., 2009a (Kamata et al., , 2009b .
MATERIALS AND METHODS

Selection of fertilized eggs
Experiments were performed with the approval of the Animal Ethics Committee of the National Institute for Environmental Studies.
Forty breeding pairs of White Egg (WE) Japanese quails (originally from the Nippon Institute for Biological Science, Yamanashi, Japan, and maintained in our laboratory) were prepared and maintained to supply fertilized eggs. At least 10 eggs were taken from pairs which regularly produced 10 or more eggs each per 2 week period. They were incubated prior to the study and their fertility and embryo viability on day 10 of incubation were checked. Eggs for the study were collected from those pairs that exhibited embryo viability of 80% or more within the 2 weeks before the beginning of incubation and they were stored at 12-13°C. As the average egg mass from WE pairs was approximately 10.5 g in our preliminary study, eggs weighing 10 to 11 g were chosen from the stored eggs and divided into treatment groups. Thircomputer program of our own making to minimize differences between the averages of egg masses in the groups and to eliminate bias in the selection of mother birds.
Administration of test compounds
On the day before treatment, p,p'-DDT and p,p'-DDE (Accu Standard, Inc., New Haven, CT, USA) were dissolved in dimethylsulfoxide (DMSO), and the DMSO solutions were diluted with corn oil to give appropriate concentrations for administration. Doses of each solution were adjusted to 0 (vehicle alone, 1% DMSO in corn oil), eggs in which embryonic development was arrested at the at the blunt end with an electric micro grinder to make a small hole in the eggshell but to leave the shell memthe yolk using a 25-gauge needle attached to a Hamilton syringe. After injection, each hole was sealed with melted 9:00 and 11:00 in the morning. The dose of DMSO and -liminary study to have no discernible impact on embryonic or later development. Thirty successfully injected eggs were incubated at 37.8°C and 60% relative humidity with a turning cycle of once an hour. On day 10 of incubation, eggs from each group were checked for embryo viability.
Handling of birds
Quails were reared according to our protocol (Kamata et al., ing boxes on day 15 of incubation. Hatched chicks were collected on days 17 and 18, each tagged with a leg band, and moved to brooders in mixed sex groups for treatment.
mination mechanism and can be sexed genetically, feathers for extraction of genomic DNA were sampled at the time of chick collection. PCR analyses of DNA sequences in the sex chromosomes were performed as previously reported (Kamata et al., 2010) . Seven female and seven male chicks with no apparent defects were randomly selected from each treatment group at 3 days of age for -ined for gross morphological characteristics. Samples of the gonads were removed for analysis of gene expression and kept at -80°C until analysis. Quails were fed on commercial diets (PLD-CHICK for chicks and PLD from 5 weeks of age, Oriental Yeast Co. Ltd., Chiba, Japan) and kept under optimal air conditions (Kamata et al., 2009a (Kamata et al., , 2009b . They were divided according to sex 10 days after hatching. Female quails were individually moved to single cages at 5 weeks of age. The eggs laid by each female quail were collected and the number and masses of the eggs were recorded.
Male and female quails were necropsied at 5 and 10 weeks of age, respectively. The livers, testes and oviducts were removed and weighed, and oviduct lengths were measured. Small pieces of the livers and reproductive organs were removed and frozen at -80°C prior to analysis for gene expression.
Eggshell properties
Eggshell strength of collected eggs was measured as the fracture resistance of the shell (Newton, N) using a digital force gauge (CPU-9500, Aikoh engineering Co. Ltd., Gifu, Japan) and a vertical test stand wherein an egg was compressed at the equator between two stainless steel surfaces. After the measurement of shell strength, the egg was cut, emptied and dried together with its shell membrane. The resultant eggshell was weighed, and the shell thickness was measured with a micrometer (BMD-25DM, Mitutoyo Corporation, Kanagawa, Japan) at the equator of the egg.
Gene expression
Total RNA was extracted from the livers, ovaries, testes and oviduct uteri with a SV Total RNA Isolation System (Promega, Madison, WI, USA) to determine the amount of transcript from the genes; the quantity was determined by spectrophotometry at 260 nm. Total RNA 60 min using M-MLV Reverse Transcriptase (Promega), and the resultant cDNA was diluted 4 times with nucleof the specific primer combinations described in Table   an initial denaturing step at 94°C for 2 min, followed by 30 to 40 additional cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec. All primers were designed so that they would anneal at 60°C, and the appropriate cycle number for each gene was determined within the linear range of amplification by preliminary examinations.
sis in 2% agarose gel beside molecular weight markers (100 bp DNA Ladder, Promega) and stained with ethidium bromide. The densities of bands in the gels were analyzed using a ChemiGenius 2 imaging system (Syngene, Cambridge, UK), and the relative expression of each PCR -ACTB) using GeneTools software (Syngene). ACTB was used as an internal control since we had confirmed in a preliminary experiment that the level of expression of ACTB in the same tissues was constant between birds and unrelated to treatment. The relative expression level of each gene is presented as a ratio to that in the control involving the vehicle only.
Statistics
Statistical analyses were performed with a SigmaStat for Windows version 3.1.1 (Systat Software, Inc., Richmond, CA, USA). One-way analysis of variance (ANOVA) and two-way ANOVA were used to examine differences between control and treatment groups for each measured variable, followed by post hoc analysis using Fisher's LSD for significance. The significances of the between-group differences for the various observed categories were determined by Fisher's exact test. Each male and female group treated in ovo with each test substance consisted of 3 to 7 quails; the variability in number resulting from depressed hatchability. The results are expressed as the mean ± S.E.M. Values of parameters used for measuring egg quality were averaged for each treatment group in the last week of the experimental period when the quality and quantity of eggs became uniform. Statistical sig- 
RESULTS
Hatching and growth
In ovo exposure to p,p' egg greatly reduced the number of hatched chicks, but lower doses of p,p'-DDT or any dose of p,p'-DDE did ( Table 2 ). Because of the low hatchability and unbalp,p'-DDT consisted of only 3 males and 3 females. The sex predicted from PCR analyses coincided with observations no gross morphological differences in gonadal differentiation of the hatchlings were observed across any of the treated groups. Within 3 weeks of hatching the unexpected death of one male occurred in the control group; one
eliminated from its group because it developed typical male plumage during puberty. As a result, the numbers of quails in the above mentioned groups were less than 7. Body mass and appearance during the experimental period were not affected by treatment with p,p'-DDT or p,p'-DDE.
Egg production and eggshell formation
Control female quails started egg production at approximately 7 weeks of age and laid 22 eggs during the whole experimental period (Table 3) . Neither p,p'-DDT or p,p'-DDE treatment affected the total number of eggs laid by the quails, apart from one female of the group treatp,p' period. The incidence of abnormal eggs, such as sponta--ent between the control group and treated groups.
The averages of the eggshell strength and shell mass (relative to egg mass) of eggs laid by females in the vehicle controls were 9.30 ± 0.10 N and 0.66 ± 0.01%, respectively, and the thickness of the shells at the equators were in the values of eggshell properties were observed in the groups treated with p,p'-DDE but not in the groups treated with p,p'-DDT (Table 4 ). The averages of eggshell strength, mass and thickness at the equator were greater at higher doses of p,p' approximately 14% compared with those of the control.
Morphology
All male and female quails at necropsy (5 and 10 weeks of age, respectively) were normal in external morphology, and the gross morphologies of the major organs were only slightly affected as described below. The liver (2.86 ± 0.32% in male controls and 2.71 ± 0.15%, in female controls) and testis to body mass ratios (0.60 ± 0.17% in controls) were not changed by treatment with either of the p,p' slightly shortened left oviducts compared to the controls the female that did not lay any eggs in the group treated p,p' Avian species possess only the left oviduct because the left and not the right genital tract normally develops. In this experiment several females had remnants of the right genital tract as rudimentary and vesicular tissues; however, such tissues were observed in females of both control and DDT treated groups and were thus unrelated to the chemical treatments they received.
Gene expression
mRNAs of all the genes listed in Table 1 were detected in the respective tested tissues. Expressions of the CYP11A1 gene in the ovaries and of the AHR and ARNT genes in the livers of adult females were significantly p,p'-DDT, but statistical differences could not be detected in the group -ble (Figs. 1 and 2 ). Although p,p' greatly increased CYP11A1 transcription in the gonads of most hatchlings (mixed sex) compared to the average level of controls, no statistical differences were detected because of a lack of consistency in the results (data not shown). Expressions of the other genes in adult females and all the tested genes in chicks and adult males were mostly unaffected by all doses of p,p'-DDT. p,p'-DDE any organs.
DISCUSSION
p,p'-DDT and p,p'-DDE, the primary component and the major metabolite of commercial DDT, respectively, did not cause the adverse effects on female reproductive development, such as shortening of the left oviduct and abnormal retention of the right oviduct, which are known to be caused by in ovo exposure to estrogens and to o,p'-DDT, a minor and estrogenic component of commercial DDT. In our previous study, an in ovo more of o,p'-DDT caused obvious shortening of the lefttion of the right oviduct (Kamata et al., 2009b) . DES, a synthetic estrogen, caused left oviduct shortening and right oviduct retention at the much lower doses of 0. 5 and et al., 2006) . The in vitro agonistic activities of p,p'-DDT and p,p'-DDE on much weaker than that of o,p'-DDT when using Chinese hamster ovary cells (Kojima et al., 2004 ' et al., 2009b) . p,p'-DDE is also an androgen receptor (AR) antagonist and has been reported to have anti-androgen one week from 9 to 10 weeks of age. a There were only two females in this group because of low hatchability. b The value from one female which never laid was excluded. c One female was eliminated because it was judged later to be male. The concentration exhibiting 50% inhibition of binding of -6 (Kojima et al., 2003) . p,p' kg to pregnant rats from gestation day 14 to 18 produced anti-androgen effects in male offspring such as reduction of anogenital distance and retention of thoracic nipples (You et al., p,p'-DDE from 21 to 57 day of age delayed the onset of puberty (the day the prepuce separated from the penis), and -tral prostate weights of adult male rats implanted with testosterone-containing silastic capsules (Kelce et al., 1995) . There are very few studies of the effects of p,p'-DDE on female reproductive development. Yamasaki et al. of p,p'-DDE from gestational day 6 to postnatal day 20 and found early vaginal opening as the only effect. In mated females and males that were exposed maternal---ed females) decreased. However, this appears to be attributable to a loss of male reproductive function because the numbers of the corpora lutea and implantations and in utero development of the embryo were normal. These anti-androgenic effects were not observed in the developing quail in this study. Given that male quails also exhibited a limited response to in ovo treatment with estrogenic compounds in our studies and in previous published work, and that male birds have the homomorphic sex chromosome which represents intrinsic sex, early development of male quails does not appear likely to be substantially affected by sex hormones.
Reduction in eggshell-forming capacity, which coincides with morphological changes in the female reproductive tracts by estrogens and by o,p'-DDT, was not observed in female quails exposed in ovo to p,p '-DDT or p,p'-DDE. Using the same method, the minimum doses of o,p'-DDT that thinned the equator region of the eggshell to a sta--tively, and these values were reduced by approximateet al., 2009b) . Treatment with DES caused observable shell -tively (Kamata et al., 2009a) . Thus, the estrogenicities of p,p'-DDT and p,p'-DDE at the current doses would not be enough to impair eggshell formation as the morphology of the reproductive organs did not change. Surpris--ly thickened by in ovo exposure to p,p'-DDE. Contrary to this, previous reports showed 19-21% eggshell thinning in adult ducks administered p,p' 45 days (Lundholm, 1994; Lundholm and Bartonek, 1992) . The contradiction between these results can be -nism of action. Lundholm (Lundholm, 1994) attributed the eggshell thinning in adult ducks to a simultaneous reduction in prostaglandin synthesis and a change in calcium mobilization in the eggshell gland caused by the inhibitory effect of p,p'-DDE on the progesterone receptor. Because the compound administered to the egg cannot remain in effective concentration in the bodies of the quails after maturation, the shell thickening in the present study appears to be the result of the effect of p,p'-DDE -lings. Further studies are necessary to identify whether the effects of p,p'-DDE on the oviduct function are an antiandrogen action, an anti-progesterone action, or occur by some other process.
It has been reported that estrogenic compounds reduce transcription of the CYP11A1 gene in the testis not only of developing embryos but also of adults (Kamata et al., 2009a (Kamata et al., , 2009b (Kamata et al., and 2010 Sakaue et al., 2002) . The reduced transcription arises at very low in ovo doses of estrogens and was observed in male hatchlings exposed to o,p' -sist into adulthood (Kamata et al., 2009a (Kamata et al., , 2009b . p,p'-DDT, but not p,p'-DDE, conversely upregulated transcription of the CYP11A1 gene even at the lowest dose CYP11A1 was reported in the ovary and testis of fathead minnows (Pimephales promelas) exposed for 4 days to prochloraz, a fungicide which acts as an aromatase inhibitor and anti-estrogen, and in the testis of rats orally exposed to benzo[a]pyrene (B[a]P) for 90 days (Ankley et al., 2009; Chung et al., 2011) . In female fathead minnows transcriptions of the cyp19a1a, cyp17 and follicle stimulating hormone receptor (fshr) genes increased at the same time, and in B[a]P exposed rats serum and pituitary gland levels of luteinizing hormone (LH) increased. Because p,p'-DDT and B[a]P but not p,p'-DDE were reported to inhibit aromatase activity in cell culture (Letcher et al., 1999; Sanderson et al., 2002) , in vivo depletion of estra-FSH production in the pituitary gland and enhance transcription of the CYP11A1 gene that codes for the cholesterol side-chain cleavage enzyme and is thus a starting point in steroid hormone synthesis. The aromatase p,p'-DDT (Sanderson et al., 2002) , and so the p,p'-DDT adminis-tered here is likely to exert its anti-estrogenic effect in the developing embryos. However, because there is no doubt that the effect disappears in adults, the persistent upregulation of CYP11A1 might involve other mechanisms, for example, the aryl hydrocarbon receptor (AhR) and the AhR nuclear translocator (ARNT), as below.
There has been disagreement as to whether p,p'-DDT has agonistic activity to the AhR. Delescluse et al. (1998) reported that p,p'-DDT increased CYP1A gene transcrip-O-deethylase activity in cell culture; Ociepa-Zawal et al. (2007) found no such effects, whereas Wojtowicz et al. (2011) reported that p,p'-DDT blocked the effects induced by other AhR agonists. The transcription of CYP1A (or CYP2C18, another member of cytochrome P450 superfamily) in the livers of either hatchlings or adult quails. Not even in mouse hepatoma cells transfected with a reporter plasmid containing seven copies of a dioxin-responsive element did DDT or its et al., 2008) . Therefore, p,p'-DDT might affect expression and activity of this enzyme via an indirect pathway. Surprisingly, transcriptions of the AHR and ARNT genes in female livers were increased by in ovo p,p'-DDT, but not by p,p'-DDE, even long after treatment. A study using AhR knockout mice observed very low aromatase mRNA and protein levels in the ovaries of AhR females and suggested that AhR activates aromatase gene transcription by cooperation with an orphan nuclear receptor and plays a crucial role in female reproduction (Baba et al., 2005) . In the p,p'-DDT-treated quails AhR synthesis may have been enhanced to activate CYP19A1 transcription to cover estrogen depletion by the inhibitory effect of p,p'-DDT on aromatase. The acquired enhanced AhR synthesis would persist even after aromatase inhibition became negligible, and ARNT synthesis may also be enhanced to effectively interact with the AhR and related pathways.
Except for lowered hatchability in p,p'-DDT treated eggs, neither p,p'-DDT nor p,p'-DDE caused fatal events to occur in the reproductive systems of quails. The results of the current study, together with previous observations, show that transovarian exposure to commercial DDT containing p,p'-DDT and o,p'-DDT would impair reproduchatchability results from an increase in embryonic death caused by both p,p'-DDT and o,p'-DDT, and second, unsuccessful breeding (e.g. developmental arrest and egg breakage by shortage of calcium) is caused by eggshell thinning attributable to the estrogenicity of o,p'-DDT. Also, as shown here, p,p'-DDT disrupts several hormonal functions; in particular, the anti-estrogenic effects of p,p'-DDT appears to change biomolecular systems such as AhR signaling and steroid hormone synthesis and may incidentally impair the physiological functions of the reproductive organs and the liver. Furthermore, exposure of embryos to p,p'-DDE caused opposite effects in eggshell formation to exposure of adults. The transgenerational effects of this compound are largely unpredictable. Considering that DDT is still recommended for malaria control operations in certain countries and that its persistent metabolites exist even at the places where use of DDT ceased many years ago, continuing accurate evaluation of the toxic mechanisms of DDT and its metabolites is essential.
